Fruit formation and early development involve a range of physiological and morphological transformations of the various constituent tissues of the ovary. These developmental changes vary considerably according to tissue type, but molecular analyses at an organ-wide level inevitably obscure many tissue-specific phenomena. We used laser-capture microdissection coupled to high-throughput RNA sequencing to analyze the transcriptome of ovaries and fruit tissues of the wild tomato species Solanum pimpinellifolium. This laser-capture microdissection-high-throughput RNA sequencing approach allowed quantitative global profiling of gene expression at previously unobtainable levels of spatial resolution, revealing numerous contrasting transcriptome profiles and uncovering rare and cell type-specific transcripts. Coexpressed gene clusters linked specific tissues and stages to major transcriptional changes underlying the ovary-to-fruit transition and provided evidence of regulatory modules related to cell division, photosynthesis, and auxin transport in internal fruit tissues, together with parallel specialization of the pericarp transcriptome in stress responses and secondary metabolism. Analysis of transcription factor expression and regulatory motifs indicated putative gene regulatory modules that may regulate the development of different tissues and hormonal processes. Major alterations in the expression of hormone metabolic and signaling components illustrate the complex hormonal control underpinning fruit formation, with intricate spatiotemporal variations suggesting separate regulatory programs.
The formation of fruit requires the coordinated growth and development of floral tissues following pollination. The molecular regulation of this process relies upon a complex interplay of gene expression changes, signaling events, and hormonal activity and is of critical importance for seed dispersal, plant fitness, and agricultural yield (Ruan et al., 2012) .
In tomato (Solanum lycopersicum), a model system for fleshy fruit development (Kimura and Sinha, 2008) , the fruit develops from the ovary, which is divided into two or more locules enclosed by the carpel wall, or pericarp, and separated by a septum that fuses with each of the carpels (Gasser and Robinson-Beers, 1993) . Following pollination, the ovules, which are attached to the central septum via placental tissue, form seeds, with double fertilization of the egg and central cells producing the diploid embryo and triploid endosperm, respectively. Each seed is surrounded by a seed coat that is derived from the integuments that enclose the embryo sac (Nowack et al., 2010) . Coinciding with seed initiation, the placenta, septum, and pericarp undergo rapid cell division, and the placenta proliferates to fill the locular cavity (Gillaspy et al., 1993) . After a relatively short period, the rate of cell division in the pericarp declines and cell expansion contributes to the majority of the remaining increase in fruit size (Xiao et al., 2009; Pabón-Mora and Litt, 2011) .
Previous studies have revealed complex patterns of gene expression during tomato fruit set and early growth, with prominent modulation of gene expression related to cell division, photosynthesis, sugar metabolism, and hormone biology, and hinted at the existence of distinct regulatory programs associated with specialized tissue development (Lemaire-Chamley et al., 2005; Vriezen et al., 2008; Mounet et al., 2009; Wang et al., 2009) .
The concerted action of multiple hormones is also involved in the control of fruit development. In particular, auxin plays a major key role in the regulation of fruit set and growth (Wang et al., 2005; Goetz et al., 2007; de Jong et al., 2009) , and there is increasing evidence of strict spatiotemporal control of auxin distribution and signaling during reproductive development in Arabidopsis (Arabidopsis thaliana; Fuentes and Vivian-Smith, 2009; Sundberg and Østergaard, 2009 ) and in tomato (Pattison et al., 2014) . However, a comprehensive picture of tissue-specific, auxin-related gene expression to inform models of auxin action in fruit is currently lacking. Moreover, other hormones, including GAs (Serrani et al., 2008) , cytokinins (Matsuo et al., 2012) , ethylene (LlopTous et al., 2000) , and brassinosteroids (Montoya et al., 2005) , have been implicated in early tomato fruit development, but details of their spatiotemporal activity and related patterns of gene expression are limited.
Despite recent advances in the regulation of fruit formation and early development (Ruan et al., 2012) , the mechanisms by which transcriptional control and hormonal activity interact to coordinate the growth and differentiation of diverse fruit tissues remain poorly understood. While previous transcriptomic studies have suggested distinct expression profiles in different parts of the fruit, they have typically lacked tissue specificity, being performed on whole ovaries and fruit (Wang et al., 2009) or using relatively coarse manual dissection (Lemaire-Chamley et al., 2005; Vriezen et al., 2008) .
Tissue-specific expression profiling avoids the potential dilution of spatially restricted regulatory events and has proved effective in uncovering biological pathways and regulatory networks that would otherwise have been undetectable (Taylor-Teeples et al., 2011; Belmonte et al., 2013) . Highly precise dissection can be achieved using laser-capture microdissection (LCM), which enables the separation of tissues or cell types in histological sections (Nelson et al., 2006) . The benefits of LCM were demonstrated by a study that profiled the transcriptome of individual cell types within the pericarp of tomato fruit, revealing distinct patterns of cell type-and tissue-dependent expression (Matas et al., 2011) . Furthermore, more complete transcriptome coverage and better quantitative assessment of gene expression than were previously possible can now be achieved using next-generation RNA sequencing (RNA-seq; Martin et al., 2013) . RNA-seq has allowed in-depth, quantitative transcriptome profiling during ripening (Tomato Genome Consortium, 2012; Zhong et al., 2013) and other tomato developmental processes (Park et al., 2012; Gupta et al., 2013) but has yet to be applied to the early stage of fruit development.
In this study, we used a coupled LCM-RNA-seq approach to obtain a comprehensive view of gene expression during the early stage of fruit development in Solanum pimpinellifolium, a wild relative and direct ancestor (Blanca et al., 2012) of cultivated tomato. S. pimpinellifolium has highly consistent and predictable rates of flower and fruit development and so is particularly suitable for developmental studies (Xiao et al., 2009 ). We report extremely high spatial resolution and deep coverage of fruit and seed tissue-specific transcriptomes and present new insights into the regulatory framework underlying early fleshy fruit development.
RESULTS

RNA-seq Analysis of Microdissected Ovary and Fruit Tissues
LCM was used to dissect S. pimpinellifolium ( Fig. 1 ) ovaries at anthesis (0 DPA), a time point immediately before fruit initiation (Fig. 1A) , and fruit at 4 DPA (Fig.  1B) . The 4-DPA fruit is a key developmental time point at the beginning of exponential fruit growth, where active cell division is still taking place and the embryo is at the four-to 16-cell stage (Xiao et al., 2009) . A total of 11 samples were dissected from cryosections, which allow efficient preservation and extraction of RNA from tomato fruit tissues following LCM (Matas et al., 2011) . Samples from the 0-DPA ovary comprised the ovules, placenta, septum, and pericarp (Fig. 1, . The equivalent tissues of placenta, septum, and pericarp were collected from 4-DPA fruits, together with the embryo, endosperm, seed coat, and funiculus from the developing seed (Fig. 1, D , E, and K-O).
Three biological replicates of each tissue type were collected for the production of RNA-seq libraries and, given the low nucleotide divergence between S. pimpinellifolium and S. lycopersicum (estimated at 0.6%; Tomato Genome Consortium, 2012), the sequencing reads were readily aligned to the S. lycopersicum genome (Supplemental Table S1 ). Read counts per gene were expressed as reads per million mapped reads (RPM; Supplemental Table S2 ). A total of 22,046 genes, approximately two-thirds of the annotated genes in the tomato genome (Tomato Genome Consortium, 2012), were expressed in at least one sample (RPM $ 2; Supplemental Table S3) , and more than half of the expressed genes (13,855) were present in all samples. There was little variation in the total number of genes represented in each tissue type, similar to other fruit transcriptomic studies (Kang et al., 2013) .
Differentially expressed genes ( Fig. 2) were identified by pairwise sample comparisons, and the majority of genes (17,519) were identified as differentially expressed in at least one comparison ( Fig. 2A ; Supplemental Table S2 ). We calculated the number of up-and down-regulated genes according to tissue type (Fig. 2B) . A similar number of genes were up-or down-regulated in placenta, septum, and pericarp. A higher number were up-regulated in any one of the seed tissues (embryo, endosperm, seed coat, and funiculus) relative to the ovules, although this is likely due to the greater number of seed tissues collected. Comparatively fewer genes were down-regulated in seed tissues relative to the ovule (Fig. 2B) .
The data set was also queried to identify genes strongly associated with an individual tissue or stage ( Fig. 2C ; Supplemental Table S4 ). Genes were defined as being strongly tissue associated (i.e. significantly higher expression in a single tissue relative to all tissues within a developmental stage) or tissue and stage associated (significantly higher expression in a single tissue relative to all other samples). The number of tissue-associated genes ranged from as low as 20 for the placenta from ovaries at anthesis to as high as 534 for the pericarp of 4-DPA fruit. In some cases, the majority of genes that were tissue associated were also stage associated. For example, 93% of genes associated with the embryo at 4 DPA were also stage associated, meaning that they showed significantly higher expression than in any ovary tissue, suggesting particular specialization of the embryo transcriptome. In contrast, only 16% of genes associated with the pericarp in ovaries were also stage associated, indicating a higher degree of tissue dependency and a reduced level of stage dependency of the pericarp transcriptome.
To assess transcriptome similarity between samples, principal component analysis and hierarchical clustering were performed (Fig. 3) . Both analyses revealed three discrete groupings: one group consisting of the four tissues from the ovary and another formed by tissues from the 4-DPA fruit except embryo and endosperm, which constituted a distinct set highlighting the specialized nature of their transcriptomes. Interestingly, samples clustered according to developmental stage rather than tissue type; thus, placenta, septum, and pericarp pairs did not cluster together. However, principal component analysis using two components (Fig. 3A) revealed a shorter distance between the two pericarp samples than between any other cross-stage pairing, again suggesting a relatively high degree of tissue dependency of the pericarp transcriptome compared with other tissues.
Spatiotemporal Gene Expression Dynamics during Early Fruit Development
To identify the major transcriptional dynamics associated with the transition from ovary to fruit, a K-means clustering approach was used to group genes with similar expression profiles. A total of 30 coexpression clusters were defined (Supplemental Table S5 ; Supplemental Fig. S1 ), and approximately three-quarters (11,952 out of 16,249) of the differentially expressed genes were strongly correlated with the average profile of these clusters (Pearson correlation . 0.8). Each cluster was Figure 1 . LCM of S. pimpinellifolium ovaries and fruit. A and B, Photographs of flower and ovary (A) at 0 DPA and fruit (B) at 4 DPA. Bars = 5 mm and 500 mm (inset). C to E, Transverse paraffin sections of 0-DPA ovaries (C), 4-DPA fruit (D), and 4-DPA seeds (E). Labels indicate ovules (ov), placenta (pl), septum (se), pericarp (pe), endosperm (endo), embryo (em), seed coat (sc), and funiculus (fu). Bars = 50 mm (C and E) and 300 mm (D). F to J, LCM of ovaries at 0 DPA. Cryosections show a whole ovary before (F) and after collection of ovules (G), placenta (H), septum (I), and pericarp (J). Bars = 300 mm. K to O, Cryosections of seed from a 4-DPA fruit before (K) and after removal of embryo (L), endosperm (M), seed coat (N), and funiculus (O). Bars = 100 mm.
tested for overrepresentation of genes belonging to 31 functional categories (Supplemental Table S6 ), and 17 clusters were chosen for further analysis on the basis of these functional annotations and average expression profiles .
Stage-Independent Expression Clusters
Most clusters showed a distinct peak in expression in either ovaries or fruit, with relatively few spanning both developmental stages. However, clusters 30 and 4 were exceptions, having profiles that peaked in the same tissue(s) at both stages (Fig. 4) .
Cluster 30, which comprised genes primarily expressed in the pericarp, had overrepresentation of genes from the transport, secondary metabolism, and hormone-related categories and contained many genes involved in isoprenoid biosynthesis and the production of steroid precursors in a variety of biosynthetic pathways (Vranová et al., 2012) . Several of the genes in the hormone-related category were part of the connected brassinosteroid biosynthetic pathway, in which cycloartenol, an isoprenoid-derived steroid, is the starting point (Ohyama et al., 2009) .
Cluster 4, which comprised genes expressed in the placenta and septum, was characterized by an abundance of genes associated with photosynthesis. Eighty-two out of the 376 genes in this cluster belonged to the photosynthesis category and included 28 encoding chlorophyll-binding proteins, 11 PSI subunits, and eight PSII subunits. An analysis of chlorophyll distribution in 4-DPA fruit confirmed a close correlation between photosynthetic tissues and the expression profile of this cluster (Fig. 4C, top row) . Chlorophyll autofluorescence was strong in placenta and septum but was restricted to only the inner part of the pericarp and was mostly absent from seeds and the outer pericarp. Chlorophyll distribution is also shown at 8 DPA to have better spatial resolution (Fig. 4C , other rows). However, we cannot be certain that the spatial organization of gene expression is maintained at this time point. Cluster 4 also included several genes related to starch metabolism or catabolism (Supplemental Fig. S2 ), and staining for starch confirmed its accumulation in these same photosynthetic tissues. Starch granules were visible in the placenta, septum, and inner pericarp but were largely absent from the seed and outer pericarp (Fig.  4B ). This is consistent with starch being a major storage form of fixed carbon (Schaffer and Petreikov, 1997) and with previous reports of continual starch synthesis and degradation in growing fruit (NguyenQuoc and Foyer, 2001 ). . Differential gene expression in ovary and fruit tissues. A, Total number of differentially expressed genes identified by pairwise comparisons between all tissues at 0 DPA (dpa), at 4 DPA, between both stages, or in at least one pairwise comparison. B, Number of genes up-and down-regulated at 4 DPA relative to 0 DPA. For seeds, the upregulated genes include all those higher in at least one of the four seed tissues (embryo, endosperm, seed coat, and funiculus) relative to the ovules. Downregulated genes include those showing down-regulation in all four tissues relative to the ovules. C, Number of tissue-and stage-associated genes. Tissueassociated genes are significantly higher expressed in one tissue relative to all others within the stage (white bars, numbers in parentheses). Tissue-and stage-associated genes (numbers in boldface, colored bars) show significantly higher expression in a single tissue relative to all other samples. Sample labels are as follows: em, embryo; endo, endosperm; fu, funiculus; ov, ovules; pe, pericarp; pl, placenta; sc, seed coat; and se, septum.
Stage-Dependent Expression Clusters
This category includes clusters primarily associated with specific tissues at a single developmental stage. Clusters 26, 27, and 28 peaked in individual tissues of the ovary and are associated with the placenta, septum, and pericarp, respectively (Fig. 5A ). All three had overrepresentation of transporter genes encoding a diverse range of proteins with various substrate specificities. For example, cluster 27 (septum) contained genes encoding transporters of mineral nutrients, organic macromolecules, and the hormone auxin. There was a particular abundance of ATP-binding cassette transporters in cluster 28 (pericarp), a class of transporter associated with the transport of secondary metabolites (Yazaki, 2006) . Their presence in the pericarp, therefore, may be related to secondary metabolite production in this tissue (see cluster 30 above). Cluster 28 also had overrepresentation of genes in the cell wall category, including those related to pectin modification.
Clusters 20, 29, and 8 showed peaks of expression in the placenta, septum, and pericarp of young fruit, respectively, but relatively low expression in the ovary (Fig. 5B ). Many genes in these clusters encode proteins with similar functions to their counterparts in clusters that peak in ovaries. For example, genes in the hormonerelated category were overrepresented in both cluster 26 (ovary placenta) and cluster 20 (young fruit placenta). Likewise, genes from the lipid metabolism and binding category were overrepresented in both cluster 29 (young fruit septum) and cluster 27 (ovary septum). These clusters comprised several genes encoding lipases containing the GDSL motif and lipid-transfer proteins; in addition, some genes in cluster 29 encode proteins related to cutin metabolism, including the tomato cutin synthase CUTIN DEFICIENT1 (Yeats et al., 2014) and homologs of Arabidopsis ECERIFERUM8 and CYP86A2, a member of the cytochrome p450 CYP86A subfamily, which are involved in fatty acid modification (Xiao et al., 2004; Lü et al., 2009) .
Functional categories uniquely associated with clusters expressed in young fruit were also present. For example, cluster 8, which peaked in 4-DPA pericarp, had an overrepresentation of genes in both the biotic and abiotic stress categories. These included multiple genes encoding heat-shock proteins, which may be induced by various stress responses or during development (Löw et al., 2000; Sun et al., 2002) , and other proteins that are frequently induced under stress, such as MILDEW LOCUS O family proteins (Piffanelli et al., 2002) and PATHOGENESIS-RELATED proteins (Sels et al., 2008) .
Clusters 9 and 3 also showed peak expression in young fruit, but their profiles spanned multiple tissues (Fig. 5C ). Cluster 9, which comprised septum and pericarp, had an overrepresentation of genes from the cell wall and glycosyltransferase categories, including five XYLOGLUCAN ENDOTRANSGLUCOSYLASE/ HYDROLASE genes. On the other hand, cluster 3, which spanned all tissues except embryo, endosperm, and pericarp, was characterized by an overrepresentation of the cell organization and cell cycle/cell division categories. Many of the genes in the cell organization category were related to the cytoskeleton and included several a-and b-tubulin and kinesin genes whose expression is associated with dividing cells (Breyne et al., 2002) .
Ovule/Seed-Associated Expression Clusters
To evaluate the transcriptional changes associated with seed development after fertilization, we examined a number of gene clusters with peak expression in the ovules or seed tissues (Fig. 6 ). Genes in cluster 23 were predominantly expressed in the ovules and then strongly down-regulated in the fruit (Fig. 6A) . Their expression profiles, therefore, negatively correlate with fruit initiation. The functional category transport was enriched in this cluster, which contained a set of six ABCG family transporters, ion channels, and transporters of amino acids, sugars, organic acids, and phosphate. Interestingly, a large proportion of genes in cluster 23 encoded small proteins (38% were less than 200 amino acids compared with only 25% among all expressed genes), many of them containing putative signal peptides. Genes in this category included all three tomato homologs of the Arabidopsis EC1 proteins, which are secreted by the egg cell upon interaction with the pollen sperm cell (Sprunck et al., 2012) . However, a large number of genes had no known function, including a gene encoding a protein of 77 amino acids with extremely high levels of expression in ovules (an average of 19,682 RPM; Fig. 7 ), but relatively little expression in other fruit or vegetative tissues, except fruit entering the ripening stage ( Fig. 7C ; Supplemental Fig. S3C ; Supplemental Methods and References S1). We have named this gene OVULE SECRETED PROTEIN (OSP; Solyc03g007780), as it has a signal peptide but no other known domains and has no known homologs other than an uncharacterized transcript from tobacco (Nicotiana tabacum; Koltunow et al., 1990) . The preferential expression of this gene in ovules was confirmed by quantitative PCR (Supplemental Fig. S3B ; Supplemental Methods and References S1) and by in situ hybridization, which showed expression of OSP in the tissue surrounding the embryo sac (Fig. 7, A and B; Supplemental Fig. S4 ). This cluster also contained genes encoding proteins associated with the secretory pathway, including dehydrodolichyl diphosphate synthase, an enzyme that catalyzes the formation of lipids used in the production of N-glycans (Cunillera et al., 2000) , and two annexins, potentially involved in exocytosis (Carroll et al., 1998) .
Cluster 23 also contained several genes encoding ethylene biosynthetic enzymes, including a fruit. Sections were stained with Lugol's solution and counterstained with Safranin O (pink) to show anatomy. Starch granules (arrows, dark brown) are visible in the placenta, septum, and inner pericarp. Bars = 500 mm (cross section), 100 mm (seed, placenta, septum, and pericarp), and 20 mm (inner pericarp). C, Chlorophyll distribution in 4-DPA (top row) and 8-DPA (other rows) fruit. Chlorophyll is green in bright-field images and red in fluorescence images. Bars = 500 mm (top two rows) and 50 mm (other rows). Sample labels are as follows: em, embryo; endo, endosperm; fu, funiculus; ov, ovules; pe, pericarp; pl, placenta; sc, seed coat; and se, septum.
1-aminocyclopropane-1-carboxylic acid oxidase, ACO4, which was primarily expressed in the ovules. The predominant expression of ACO4 in the ovules was confirmed by in situ hybridization, which showed strong expression localized in the innermost layers around the embryo sac ( Clusters 12 and 19 contained genes predominantly expressed in the embryo and endosperm, respectively (Fig. 6 , B and C). The overrepresentation of functional categories such as protein degradation, protein targeting, and protein synthesis and folding suggests high rates of protein turnover in both of these tissues. Cluster 12 (embryo) also contained overrepresentation of transcription factors, possibly indicating a major shift in regulation of the embryo transcriptome compared with the other fruit tissues.
Cluster 14 corresponded to genes predominantly expressed in the seed coat and showed an abundance of genes associated with DNA replication, the cell cycle, and the cell wall ( Fig. 6D ), which may reflect rapid cell division and elongation during seed coat growth (Haughn and Chaudhury, 2005) . Cluster 21, expressed in the funiculus, contained an overrepresentation of the transcription factor category (Fig. 6E ). This cluster included AUXIN RESPONSE FACTOR3 (ARF3) and ARF19-1, which encode transcription factors involved in auxin signaling (Zouine et al., 2014) , and homologs of the Arabidopsis transcription factors PLETHORA, SUPERMAN, and INDEHISCENT, which regulate Overrepresented functional category annotations are indicated below each cluster (P , 0.05, regular type; P , 0.01, boldface type). Clusters are represented graphically with coloring indicating the tissues where each is predominantly expressed. Sample labels are as follows: em, embryo; endo, endosperm; fu, funiculus; ov, ovules; pe, pericarp; pl, placenta; sc, seed coat; se, septum; and dpa, DPA.
auxin biosynthesis and activity (Nibau et al., 2011; Kay et al., 2013; Pinon et al., 2013) , which is congruent with previous reports of high auxin activity in this tissue (Pattison and Catalá, 2012) . This cluster also contained a large number of genes encoding kinases, in particular several members of Leu-rich repeat receptor-like kinase subfamily XI/XII (iTAK database family 1.12.4), such as the Arabidopsis HAESA proteins, which are expressed during abscission zone differentiation (Jinn et al., 2000) . This suggests that the tomato HAESA homologs could be involved in specifying eventual seed abscission zones at the end of fruit development.
Clusters 5 and 6 had broader expression profiles that spanned several seed tissues (Fig. 6, F and G) . Cluster 5 contained genes expressed in the seed coat, embryo, and endosperm and had an overrepresentation of genes in the hormonal function category, particularly genes related to auxin and GA activity. These included several members of the AUXIN (AUX)/INDOLE-3-ACETIC ACID (IAA) family of transcriptional regulators and several Gretchen Hagen (GH3) family genes, which encode enzymes putatively involved in auxin conjugation (Ludwig-Müller, 2011) . Genes in cluster 6 were predominantly expressed in seed tissues but also showed relatively high expression in other fruit tissues, except the pericarp. Similar to cluster 3, this cluster had overrepresentation of the cell cycle/cell division and cell organization categories (Fig. 5C ).
Predicted Regulatory Modules Link Transcription Factor Expression, Regulatory Motifs, and Coexpression Cluster Function
To investigate potential regulators of the transcriptome during early fruit development (Fig. 8) , coexpressed gene clusters were examined for the overrepresentation of families of transcription factors or transcriptional regulators from the iTAK database (http://bioinfo.bti.cornell.edu/cgi-bin/itak/index.cgi; Supplemental Table S7 , A and B). The expression profiles of members of transcription factor families that were overrepresented in coexpressed gene clusters are shown in Figure 8A .
WRKY and C2C2-YABBY transcription factor families were overrepresented in clusters 8 and 30, respectively, both of which peak in the pericarp, either in fruit (cluster 8) or in both ovaries and fruit (cluster 30). WRKY transcription factors have been implicated in the regulation of the transcriptional response to both abiotic and biotic stresses (Pandey and Somssich, 2009; Chen et al., 2012) , a functional category that is overrepresented among genes in cluster 8 (Fig. 5) . The enrichment of C2C2-YABBY transcription factors in the pericarp is consistent with their reported role in Arabidopsis, where several family members, including CRABS CLAW, are involved in fruit development and show preferential expression in valve margins (Alvarez and Smyth, 2002) .
Notably, cluster 12, which peaked in embryo, had overrepresentation of four separate families, MADS (for MINICHROMOSOME MAINTENANCE1, AGAMOUS, DEFICIENS, SERUM RESPONSE FACTOR) box, Figure 6 . Clusters associated with ovule/seed tissues. Cluster-wide average expression is plotted with solid lines, first and third quartiles by dashed lines, and maximum and minimum by dotted lines. Overrepresented functional category annotations are indicated below each cluster (P , 0.05, regular type; P , 0.01, boldface type). Clusters are represented graphically with coloring indicating the average level of relative gene expression. Sample labels are as follows: em, embryo; endo, endosperm; fu, funiculus; ov, ovules; pe, pericarp; pl, placenta; sc, seed coat; se, septum; and dpa, DPA.
CCAAT-binding, homeobox (HB), and plant AT-rich sequence-and zinc-binding protein (PLATZ), consistent with previous findings that gene regulation during embryo development is controlled by a complex transcriptional network (Santos-Mendoza et al., 2008) . In particular, several CCAAT transcription factors are expressed specifically in seeds (Laloum et al., 2013) ; accordingly, homologs of LEAFY COTYLEDON1, Figure 7 . Expression of OSP and ACO4 in ovules. RNA in situ hybridization of OSP (A and B) and ACO4 (D and E) is shown in ovaries at anthesis. Images show whole ovaries (A and D) and individual ovules (B and E). Signal (arrows) is detected as dark purple color. LCM-RNA-seq expression data are shown for OSP (C) and ACO4 (F). Sample labels are as follows: em, embryo; endo, endosperm; es, embryo sac; fu, funiculus; ov, ovules; pe, pericarp; pl, placenta; sc, seed coat; se, septum; and dpa, DPA. Bars = 100 mm (A and D) or 20 mm (B and E). B, Cumulative expression of E2F-DP (eight members) and C2C2-DOF (10 members) transcription factors in 4-DPA fruit. C, Hypothetical models of E2F-and C2C2-DOF-mediated transcriptional regulation of genes in cluster 14 (internal tissues) and cluster 20 (placenta). The expression of each cluster is represented by a heat map showing overlap with the respective transcription factor expression. Functional categories associated with each transcription factor are overrepresented in these clusters. E2F and C2C2-DOF proteins are suggested to interact with E2F-and C2C2-DOF-binding motifs, respectively, which are enriched in the promoters of genes in cluster 14 or cluster 20 (Supplemental Table S8 ). Sample labels are as follows: em, embryo; endo, endosperm; fu, funiculus; ov, ovules; pe, pericarp; pl, placenta; sc, seed coat; se, septum; and dpa, DPA. a key regulator of embryo development in Arabidopsis (Kwong et al., 2003) , were found in this cluster.
E2F-DP, Basic Helix-Loop-Helix (bHLH), and C2C2-DOF are other transcription factor families overrepresented in gene clusters with the highest expression in seed or internal fruit tissues. The bHLH family, which comprises transcription factors that are known to act during gynoecium and fruit development in Arabidopsis (Gremski et al., 2007; Girin et al., 2011; Kay et al., 2013) , was enriched in cluster 21, which peaked in the funiculus.
Coexpressed gene clusters were also analyzed for the enrichment of regulatory motifs in promoter regions (Supplemental Table S7 , C and D). In several cases, transcription factors were overrepresented in the same coexpression clusters as their target motifs, and a correlation could be established with functional categories overrepresented in the clusters, allowing transcriptional modules to be predicted (Fig. 8 , B and C; Supplemental Fig. S5 ). One such potential regulatory module linked E2F-DP transcription factors to cell division in internal fruit tissues (Fig. 8C ). E2F-DP transcription factors are key regulators of the cell cycle associated with the G1-to-S phase transition and S phase progression, and their targets include various genes directly related to cell division and DNA replication (De Veylder et al., 2007) . Several related motifs known to participate in E2F-DP binding, including E2F-binding site motif, E2FCONSENSUS, and E2FAT motifs (Supplemental Fig. S5 ), were overrepresented in clusters 3, 6, and 14, which span internal tissues but show lower expression in the pericarp. Likewise, E2F-DP transcription factor expression was highest in these tissues, and they were overrepresented in cluster 14, which peaked in the seed coat (Fig. 8B) . The presence of E2F-DP transcription factors in these clusters is consistent with the overrepresentation of the cell cycle/cell division and DNA replication functional categories. Potential E2F-DP targets include genes encoding cyclins, kinetochore proteins, histones, and DNA topoisomerases, all of which contain E2F-binding site motifs in their promoters (Supplemental Table S8A ).
In addition to the predicted E2F-DP-mediated transcriptional module, where the association between transcription factor, target genes, and biological function has been described in other systems, the motif analysis also uncovered novel potential associations. C2C2-DOF transcription factors were overrepresented in cluster 20, which peaked in the placenta, and two known C2C2-DOF-interacting motifs (-300CORE and NTBBF1ARROLB; Mena et al., 1998; Baumann et al., 1999) were overrepresented in the same cluster ( Fig.  8C; Supplemental Fig. S5 ). The NTBBF1ARROLB motif is necessary for auxin induction of the Agrobacterium rhizogenes rolB oncogene in tobacco, likely mediated by the C2C2-DOF transcription factor NtBBF1 (Baumann et al., 1999) , and is overrepresented between auxininduced genes in Arabidopsis (Nemhauser et al., 2004) . Cluster 20 contained a tomato homolog of NtBBF1 (Solyc08g082910) and several auxin-related genes with the NTBBF1ARROLB motif in their promoter regions. They included PIN-FORMED1 (PIN1) and PIN7, which encode auxin-efflux carriers and have three copies of the NTBBF1ARROLB motif in their promoters, two AUX/IAA family genes (IAA13 and IAA17) involved in auxin signal transduction, and a GH3 family gene involved in auxin conjugation (Supplemental Table S8C ). Transcription of these genes, or their homologs, in other species is often auxin inducible (Hagen and Guilfoyle, 2002; Vieten et al., 2005; Audran-Delalande et al., 2012) . We note that these predicted regulatory modules await further experimental validation.
Transcriptional Framework of Auxin Synthesis, Transport, and Signaling Components Despite auxin being a central regulator of tomato fruit development, current models of auxin distribution and activity lack detailed spatial resolution (Pattison et al., 2014) . The LCM data set, therefore, was used to investigate auxin biosynthesis, transport, and signaling ( Fig. 9 ; Supplemental Table S9 ). Only three genes, TRYPTOPHAN AMINOTRANSFERASE RELATED2 (TAR2) and the YUCCA genes tomato FLOOZY2 (toFZY2) and toFZY6 (Expósito-Rodríguez et al., 2011), encoding TAR and YUCCA enzymes in the major auxin biosynthetic pathway (Brumos et al., 2014) , were expressed at levels greater than 10 RPM. They increased in expression in 4-DPA fruit relative to ovaries and accumulated primarily in seed tissues and the funiculus, with TAR2 and toFZY6 showing peak expression in the embryo (Fig. 9A) .
Auxin transporters also generally showed increased expression in 4-DPA fruit compared with ovaries (Fig.  9B) . The influx carrier LIKE-AUX2 and the plasma membrane-targeted efflux carriers PIN1, PIN3, PIN4, PIN7, and PIN9 displayed the highest expression, which peaked in either the funiculus or placenta at 4 DPA. In contrast, PIN transporters thought to localize to the endomembrane system (Mravec et al., 2009; Dal Bosco et al., 2012) showed a divergent expression profile. Specifically, PIN5 was highly expressed in endosperm, whereas PILS2 and PILS5, PIN-LIKE proteins found in the endoplasmic reticulum in Arabidopsis (Barbez et al., 2012) , showed highest expression in the pericarp of 4-DPA fruit (Fig. 9B) .
Key components of auxin signaling include the TRANSPORT INHIBITOR RESPONSE (TIR)/AFB family of auxin-receptor F-box proteins, AUX/IAA coreceptors, and ARF transcription factors (Sauer et al., 2013) , which had broad patterns of expression (Fig.  9C) . Within the TIR/AFB genes, AFB4 and AFB6 were expressed widely, with no evidence of tissue specificity. The most highly expressed AUX/IAA and ARF genes were IAA9 (Wang et al., 2005) and IAA27 (Bassa et al., 2012) , which have previously been implicated in fruit set and development, and three ARF genes with peak expression in ovule and seed (ARF5) or in other fruit tissues (ARF2 and ARF8).
In contrast to the relatively diverse expression patterns of auxin signaling genes, common centers of expression could be defined related to auxin biosynthesis and transport (Fig. 9D) . The cumulative expression of auxin biosynthesis genes was higher in 4-DPA fruit relative to anthesis and restricted to seed tissues. Similarly, the cumulative expression of genes encoding plasma membrane-localized PIN proteins increased in 4-DPA fruit and concentrated in the funiculus and placenta.
Spatiotemporal Distribution of Hormone-Related Gene Expression
The data set was also used to profile gene expression related to the metabolism and signaling of other major hormones (Supplemental Fig. S6 ; Supplemental Table  S9 ; Supplemental Methods and References S1). In each case, the expression of individual genes showed evidence of strong tissue and developmental stage dependency. However, common trends and coexpression were evident among genes involved in the metabolism and signaling of certain hormones. For example, several genes with a role in brassinosteroid biosynthesis were preferentially expressed in the ovary and fruit pericarp (Supplemental Fig. S6C ). These include genes encoding squalene epoxidase, cycloartenol synthase, and homologs of STEROL METHYLTRANSFERASE, FACKEL, DWARF1 (DWF1), DWF5, and DWF7, which are all implicated in the biosynthesis of the steroid precursors of brassinosteroids (Clouse, 2011) . However, these steroid precursors are not necessarily specific for brassinosteroids and, as discussed above (see cluster 30), may reflect the biosynthesis of other isoprenoid-derived metabolites.
We also observed common patterns of expression among genes related to ethylene metabolism and signaling (Supplemental Fig. S6E ). Several ethylene biosynthetic genes, such as ACO4 and ACO5 and a , and signaling (C). D, Graphical illustration of the center of expression for genes encoding auxin biosynthetic enzymes and plasma membrane-localized PIN genes. Coloring of tissues represents the cumulative expression of each gene category in 0-DPA (dpa) ovaries, 4-DPA fruit, and 4-DPA seed. Sample labels are as follows: em, embryo; endo, endosperm; fu, funiculus; ov, ovules; pe, pericarp; pl, placenta; sc, seed coat; and se, septum.
1-aminocyclopropane-1-carboxylic acid synthase family gene, together with the ethylene receptor gene ETR6, were highly expressed in the ovule at anthesis but were then strongly down-regulated in the fruit. Similarly, other sets of ethylene biosynthetic and signaling genes preferentially expressed in the ovary placenta or septum were strongly down-regulated in 4-DPA fruit.
In contrast to the down-regulation of genes related to ethylene, several key genes in GA biosynthesis were expressed at higher levels in developing fruit than ovaries (Supplemental Fig. S6F ; Supplemental Table  S9 ). The expression of GA20ox1, GA20ox2, and GA20ox3, which encode GA 20-oxidase, a rate-limiting enzyme, was highest in the funiculus, and two uncharacterized GA20ox homologs showed highest expression in the embryo and endosperm. In contrast, GA2ox4, encoding a GA 2-oxidase that converts bioactive GAs to inactive forms (Serrani et al., 2008) , was highly expressed in ovules and placenta in anthesisstage ovaries but was strongly down-regulated in fruit tissues (Supplemental Fig. S6F ; Supplemental Table S9 ).
DISCUSSION
A comprehensive transcriptome profile of the major tissue types comprising the tomato ovary and young fruit was obtained using LCM and RNA-seq, revealing enormous diversity in gene expression associated with tissue type and developmental stage. The tissuespecific profiles indicated a dramatic shift in gene expression during the transition from ovary to fruit, of greater magnitude than the differences between individual tissues, highlighting the central role of fruit set in shaping the transcriptome (Fig. 3) . Gene expression was highly dynamic, and while many genes were expressed constitutively, very few were expressed evenly among all the tissues. This emphasizes the importance of considering tissues individually and highlighting potential pitfalls inherent in analyzing the fruit as a whole. Differential gene expression analysis uncovered distinct tissue-and stage-associated gene sets (Fig. 2) , including rare transcripts expressed in typically understudied tissues, such as the funiculus. Several of the tissue-associated genes have no known function and represent potential novel regulators of fruit development (Supplemental Table S4 ).
Tissue-Specific Analysis of Transcriptional Dynamics Outlines a Map of Core Molecular Processes Underlying Fruit Formation
Coexpressed gene cluster analysis illustrated the spatial distribution of core molecular events in early fruit development and suggested that transcriptome specialization is already established at the ovary stage for some biological processes. At anthesis, genes related to secondary metabolism and photosynthesis were already overrepresented among pericarp-and placenta/septum-associated clusters, respectively, and this profile was maintained in young fruit (Fig. 4) . This suggests an early metabolic specialization of the pericarp for the production of isoprenoid-derived metabolites, such as carotenoids, neoxanthin, and the phytol tail of chlorophylls, all of which accumulate in young fruit (Carrari et al., 2006) . Our results also indicate that photosynthesis-related genes are tightly coexpressed and show strong tissue dependency, being expressed at higher levels in internal tissues. The elevated expression of these genes in internal tissues may seem counterintuitive but is consistent with previous studies suggesting that parenchymatous tissues surrounding the seeds may play an active role in CO 2 scavenging and the provision of carbon assimilates to the seed (Smillie et al., 1999; Lytovchenko et al., 2011) . However, the significance of fruit photosynthesis in the support of fruit and/or seed growth is still controversial (Cocaliadis et al., 2014) .
The identification of genes associated with single tissues and stages highlighted a number of specialized features of the ovary and fruit transcriptomes (Fig. 5) . Cluster 28 revealed the importance of cell wall remodeling by active pectin metabolism in the growing pericarp of the ovary at anthesis, which correlates with reports of rapid pectin synthesis and demethylesterification in the pericarp during the period spanning fruit set and early growth (Terao et al., 2013) . In addition, the enrichment of genes within the transport category in clusters 27 and 28 associated with the anthesis-stage septum and pericarp, respectively, is indicative of the active transport of mineral nutrients in the septum and of small molecules likely to be involved in secondary metabolism in the pericarp. A distinct gene set associated with the pericarp of 4-DPA fruit is related to stress responses, perhaps reflecting the fact that the pericarp is at the boundary of the fruit and the external environment. In other cases, a functional relationship was apparent between gene clusters in equivalent tissues but at different stages, even though the genes themselves were different. For example, different genes formed clusters preferentially expressed in the septum of ovaries and young fruit, but both clusters had overrepresentation of genes related to lipid metabolism. Likewise, hormone-related gene expression appeared to be significant in the placenta both at anthesis and in growing fruit (Fig. 5, A  and B) . The presence of separate gene sets at anthesis and in young fruit, but with seemingly overlapping roles, suggests that the actions of specific members of a gene family are required at different stages of development as a fine-tuning mechanism.
In contrast to specialized transcriptional activity associated with single tissues, there is also evidence of shared gene expression programs among fruit tissues at 4 DPA. This is exemplified by clusters 3 and 6, which indicate a functional partition between internal tissues and pericarp. These clusters were absent in the pericarp but either spanned all internal tissues (cluster 6) or all internal tissues except embryo and endosperm (cluster 3) and were characterized by genes related to cell division. This indicates an activation of cytokinesisrelated gene expression in the rapidly proliferating inner tissues of young fruit. In contrast, the pericarp and septum shared a common expression of genes (cluster 9) involved in cell wall modification processes commonly associated with cell expansion (Cosgrove, 2005) .
Gene Sets Associated with Seed Development
We also examined the ovule and early seed transcriptomes, which are often omitted from tomato fruit transcriptome studies (Vriezen et al., 2008; Osorio et al., 2011) . Analysis of a gene cluster predominantly expressed in the ovules revealed the presence of a set of genes encoding small proteins that are predicted to be secreted and also of secretion-associated factors, which were strongly down-regulated post anthesis. The functional relevance of this gene set may be related to a role of small secreted proteins in pollen tube guidance (Chae and Lord, 2011) or in gamete interaction (Sprunck et al., 2012) . Many genes encoding small secreted proteins are expressed in Arabidopsis embryo sacs, where they may function in extracellular signaling during embryo sac development and fertilization (Jones-Rhoades et al., 2007) . Although mostly annotated as of unknown function, the corresponding tomato proteins may play a similar role. Of particular interest is OSP, which had extremely high expression in ovules (Fig. 7 , A-C) and for which database searches revealed no apparent homologs outside non-Solanaceae species. This underscores the value of the high spatial resolution of this study in uncovering genes likely to play a specialized role in the regulation of reproductive development.
Several coexpressed gene sets were associated with various regions of the developing seed (Fig. 6 , B-G). Cluster 6 contained many genes related to cell division and spanned multiple seed tissues, possibly reflecting the need to coordinate nuclear division and cell proliferation across the embryo, endosperm, seed coat, and tissues surrounding the seed upon fertilization (Nowack et al., 2010) . Another gene set, cluster 5, indicates a spatial focus of hormone-related gene expression and suggests the coregulation of genes involved in controlling the levels of auxin in seed tissues. Up-regulation of GH3 family genes, putatively involved in auxin conjugation, in seeds relative to ovules has also been described in strawberry (Fragaria vesca; Kang et al., 2013) and may represent a mechanism for reducing active auxin concentration following fruit set.
In addition, we found clusters that revealed regulatory programs associated with specific seed tissues. Of particular note was cluster 21, associated with the funiculus, a tissue that is seldom studied but one that our data indicate has importance in regulating hormone activity ( Fig. 6E ; Supplemental Table S5 ).
Integration of Transcription Factor Expression and Regulatory Motif Analysis Uncovers Potential Gene Expression Networks
The LCM-RNA-seq data set can serve as a resource to develop and test hypotheses regarding the regulatory networks that govern early fruit development, in part by delineating the spatial limits of transcription factor expression. For example, MADS box, CCAAT, HB, and PLATZ transcription factors were found to accumulate preferentially in the embryo and are likely part of the transcriptional regulatory complex controlling the gene set in cluster 12. Two other transcription factor families, C2C2-YABBY and WKRY, are likely involved in regulating pericarp development and stress responses in this tissue, respectively (Fig.  8A) .
It is significant that a tomato homolog of INDEHISCENT is found in cluster 21 expressed in the funiculus.
INDEHISCENT is an important regulator or auxin activity involved in specifying the valve margins of Arabidopsis siliques and controlling auxin distribution via the regulation of genes involved in auxin transport (Sorefan et al., 2009) . As several genes mediating auxin transport are also predominantly expressed in the funiculus (Fig. 9) , we propose that INDEHISCENT may control auxin distribution in the funiculus.
Interestingly a potential E2F-mediated network controlling cell division was found to be predominantly restricted to the internal tissues, further highlighting the separation between the rapidly dividing internal tissues and the elongating pericarp and suggesting molecular regulators of division-based processes in the fruit. In addition, a novel transcriptional association between C2C2-DOF transcription factors and their potential target genes involved in auxin transport and signaling was suggested. C2C2-DOF transcription factors regulate diverse processes, including seed development, light responses, and hormone signal transduction (Yanagisawa, 2004) . However, the potential role of NtBBF1 and other C2C2-DOF transcription factors in the auxin induction of endogenous plant genes is still unknown, and our data suggest that they may act as upstream regulators of auxin homeostasis in the fruit (Fig. 8, B and C) . These networks present hypotheses that may be tested by future experimental work.
A Map of Hormone-Related Gene Expression during Early Fruit Formation
An analysis of gene families involved in the biosynthesis and signaling of different plant hormones suggested spatiotemporal specialization of distinct family members and demonstrates that the data set can be used to identify biologically relevant genes based on expression profile. For example, within the multigene TAR and YUCCA/toFZY families, only TAR2, toFZY2, and toFZY6 were expressed in ovaries and young fruit (Fig. 9A) . Interestingly, the expression profiles of these genes in the seed and funiculus overlap with maximal auxin activity, as indicated by DR5 reporter expression (Pattison and Catalá 2012) , suggesting that they are the main genes involved in auxin synthesis in developing seeds. Common centers of gene expression for auxin biosynthesis and transport genes (Fig. 9D) are consistent with evidence that the seeds are the predominant site of auxin biosynthesis (Mapelli et al., 1978) , and the funiculus and placenta represent important transport routes (Pattison and Catalá, 2012) . The diverse expression profiles of genes related to auxin signaling (Fig. 9B ) may constitute the basis for tissue-specific responses, as has been reported in Arabidopsis (Weijers et al., 2005; Hayashi, 2012) and suggests diversification of signaling pathways between the seed and surrounding fruit tissues.
The data related to GA metabolism (Supplemental Fig. S6F ) are consistent with previous reports of increased bioactive GA content and GA20ox transcription after pollination (Serrani et al., 2007 (Serrani et al., , 2008 de Jong et al., 2011) . However, it was not previously known that a GA20ox transcript increases particularly in the funiculus, which is also a site of high auxin activity (Pattison and Catalá, 2012 ; Fig. 9F ). Auxin and GA signaling are known to interact during fruit set and development, and it is thought that auxin activity after fertilization induces GA biosynthesis by increasing GA20ox transcription (Serrani et al., 2008) . We suggest that up-regulation of GA20ox transcription in the funiculus is controlled by the high auxin activity in this tissue.
We also saw evidence for the involvement of different members of gene families associated with ethylene biosynthesis and signaling according to tissue type (Supplemental Fig. S6E ), consistent with a general down-regulation of ethylene-related expression after anthesis (Vriezen et al., 2008; Wang et al., 2009) . Pollination is known to induce a burst of ethylene in tomato ovaries accompanied by a transient increase in ACO gene expression (Llop-Tous et al., 2000) , and it has been suggested that ethylene is involved in controlling ovule senescence and the fruit-set response (Carbonell-Bejerano et al., 2010) . By spatially resolving gene expression, our data implicate the ovule as a likely site of ethylene biosynthesis in ovaries, with specific ACO isoforms, such as ACO4 (Fig. 7, D-F) , playing a key role during fruit set.
In conclusion, the LCM-RNA-seq data set represents a valuable new resource that can be queried to identify patterns of gene expression associated with individual tissue type and developmental stage. We have illustrated this utility with several examples of how tissue-specific profiling can provide biological information that may be masked in composite samples, adding insights into the cellular processes that occur in the diverse fruit tissues and the hormonal control underpinning these processes. This includes evidence of separate transcriptional programs related to cell division, photosynthesis, and auxin transport in internal tissues and of secondary metabolism, cell wall modification, and stress responses in the pericarp. The existence of tightly coexpressed gene groups and highly ordered gene expression networks further underlines the value of the LCM-RNA-seq approach as a platform to investigate regulatory processes during early fruit development.
MATERIALS AND METHODS
Plant Material and Sample Collection
Plant material was harvested from greenhouse-grown Solanum pimpinellifolium (LA1589) plants (26°C/20°C day/night conditions, 16-h photoperiod with supplemental 400-W sodium lights). Ovaries at 0 DPA were identified based on the definition of Xiao et al. (2009) and harvested immediately before the point when they would otherwise be self-fertilized. For 4-DPA fruit collection, flowers were manually pollinated at anthesis, and fruit was harvested 4 d later. The extreme abaxial and adaxial ends of the fruit were removed before further processing of the medial segment.
Histology
Tissue was fixed with 3.7% (v/v) formaldehyde, 5% (v/v) acetic acid, and 50% (v/v) ethanol and infiltrated with paraffin using standard protocols (Ruzin, 1999) . Ten-micrometer sections were prepared using a Leica RM2255 microtome and stained with Safranin O and Astra Blue as described (Xiao et al., 2009 ).
For LCM, tissue was fixed overnight in ice-cold Farmer's fixative (3:1 ethanol:acetic acid) and processed essentially as described by Matas et al. (2011) . Briefly, fixed tissue was vacuum infiltrated sequentially with 13 phosphate-buffered saline medium containing 10% and 20% (w/v) Suc before embedding in Tissue Tek O.C.T. medium (Sakura). Fourteen-micrometer cryosections were prepared using an HM 550 cryostat (Thermo Fisher) and transferred to CryoJane 43 CFSA slides (Leica). Slides were dehydrated using a graded ethanol-HistoClear II (National Diagnostics) series consisting of 70%, 95%, and 100% (v/v) ethanol, and two washes of 100% (v/v) HistoClear II.
Laser Microdissection and RNA Isolation
Tissues were isolated using a P.A.L.M microbeam LCM system (Carl Zeiss) and a minimum 2.5-3 10 5 -mm 2 area, pooled from sections of at least five ovaries/fruits, collected for each sample. Embryo-and endosperm-enriched areas were identified on the basis of tissue density, which was higher for the tightly packed embryo cells than the less compacted endosperm. Total RNA was isolated using the RNeasy Micro kit (Qiagen), and RNA amplification was performed using the TargetAmp two-round aRNA amplification kit (Epicentre). Three biological replicates were collected from independent plant material for each sample.
RNA-seq
Strand-specific RNA-seq libraries were prepared as described (Zhong et al., 2011) omitting the poly(A) isolation step and using 6-bp barcode adapters to allow multiplexed sequencing. Equal amounts of up to six barcoded libraries were pooled prior to sequencing. Libraries were sequenced from a single end for 50 cycles using the Illumina HiSeq 2000 platform at the Genomics Resources Core Facility Cornell at Weill Cornell Medical College.
Read Mapping and Transcript Quantification
Raw RNA-seq reads were first aligned to a ribosomal RNA sequence database (Quast et al., 2013) using Bowtie, allowing three mismatches (Langmead et al., 2009) , and the mapped reads were discarded. The resulting cleaned reads were aligned to the tomato (Solanum lycopersicum) genome (version 2.40; Tomato Genome Consortium, 2012) using Tophat, allowing one segment mismatch . As a result of RNA amplification using poly(A)-based priming techniques (Van Gelder et al., 1990) , the majority of reads aligned toward the 39 end of the gene models. Thus, sense-strand reads were counted after extending the tomato gene models 1 kb upstream of the translational start site (Takacs et al., 2012) , read counts were normalized to the total number of reads mapped (RPM).
Expression Data Analysis
Differentially expressed genes were identified using EdgeR (Robinson et al., 2010) . Genes were considered differentially expressed if the adjusted P value was less than 0.05.
Principal component analysis based on all expressed genes was performed on the replicate averaged data using cluster 3 (de Hoon et al., 2004) . Only genes that had an average RPM value of 2 or more in at least one sample were included in the analysis. RPM values were centered around the mean and normalized using the sum-of-squares method. Hierarchical clustering of samples and K-means clustering were performed using Gene-E (www.broadinstitute. org/cancer/software/GENE-E/) and 1 2 Pearson correlation as the distance metric. All differentially expressed genes from all comparisons were used for hierarchical clustering with the complete linkage method. Genes that were differentially expressed between tissues within a developmental stage, between equivalent tissues across stages and between 0-DPA ovule and 4-DPA embryo, endosperm, or seed coat, were used for K-means clustering. The Z-score was calculated for each gene per sample using the formula (X 2 X av )/SD, where X is the average RPM value in a particular sample, and X av and SD are the mean and SD of the average RPM values across all 11 samples, respectively. The expression profile of each cluster is represented by the maximum, minimum, first quartile, third quartile, and average Z scores for all genes in each cluster. Only genes that were correlated with the average profile of each cluster (Pearson correlation . 0.8) were retained for further analysis. This resulted in some genes not fitting closely to any of the defined clusters being excluded from this analysis.
Genes were functionally categorized based on previously defined Mapman bins (Thimm et al., 2004) , with manual reassignment according to tomato genome annotations (Tomato Genome Consortium, 2012; Supplemental Table  S6 ). Overrepresentation was determined using a hypergeometric test, and P values were adjusted for multiple testing using Benjamini-Hochberg correction (using the phyper function and multtest package in R; www. bioconductor.org/packages/2.14/bioc/html/multtest.html).
Promoter sequences corresponding to 1 kb upstream of the transcription start site for genes with defined transcription start sites (Zhong et al., 2013) or 1 kb upstream of the translational start site for other genes were analyzed using PatMatch (Yan et al., 2005) for the presence of motifs collected from the PLACE (Higo et al., 1999) , PlantCARE (Lescot et al., 2002) , and AtcisDB (Yilmaz et al., 2011) databases. A hypergeometric test was used to generate P values adjusted using the Benjamini-Hochberg correction.
Chlorophyll Autofluorescence and Starch Staining
Chlorophyll was detected in hand sections from 4-or 8-DPA fruit (to allow better resolution of fruit anatomy) using bright-field or fluorescence microscopy. Chlorophyll fluorescence was viewed using a Leica DM5500 epifluorescence microscope with excitation filter BP 450 to 490 nm and emission filter LP 515 nm.
For starch staining, paraffin sections were prepared as described above. Slides were deparaffinized in HistoClear II, passed through a graded ethanol series (100%, 95%, 70%, and 50% [v/v] 
In Situ Hybridization
Tissue was fixed in 4% (v/v) formaldehyde, 0.1% (v/v) Tween 20, and 0.1% (v/v) Triton X-100, dehydrated, and embedded in paraffin. In situ hybridization was performed using digoxigenin-labeled probes as described by Wu et al. (2011) with minor modifications. Gene-specific fragments for probe synthesis were amplified by PCR using primers 59-ATGGCTTCCATGAAGTTGC-39 and 59-TCAGATACGAAGAAAATTATTAGGG-39 for OSP and 59-GAACA-GATACCAAACACAAGCAA-39 and 59-AAACCCCAGTTTTCACATGC-39 
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Supplemental Figure S1 . K-means clustering of ovary and fruit transcriptome. Genes that were differentially expressed in at least one comparison between samples were clustered based on their expression profile. Figure S4 . RNA in situ negative controls. RNA in situ hybridization negative control using sense probes for OSP (A) and ACO4 (B) in ovaries at anthesis. Scale bars = 100 μm. Supplemental Table S7 . Figure S6 . Expression profiling of hormone-related genes. Heat maps represent the relative expression of genes related to the metabolism, transport or signaling of abscisic acid (A), auxin (B), brassinosteroids (C), cytokinins (D), ethylene (E), gibberellins (F) and jasmonic acid (G). Each row represents an individual gene and coloring represents relative expression level ranging from minimum (blue) to maximum (yellow) for each gene. Genes ordered in accordance with the heat maps are listed in Supplemental Table S9B . Only those genes expressed at 2 RPM or more in at least one sample are shown. Genes are ordered by hierarchical clustering using one minus pearson correlation and average linkage. Sample labels: ov, ovules; pl, placenta; se, septum; pe, pericarp; em, embryo; endo, endosperm; sc, seed coat; fu, funiculus.
